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GLOSSARY OF SYMBOLS 

= area of  ith i t e m  

I material long i tud ina l  wavespeed in ith i t e m  

(I) = f l e x u r a l  wavespeed of ith i t e m  cP 

c - shear wavespeed S 

I t o r s i o n a l  wavespeed of ith i t e m  (where appropr ia te )  T C 

t o t a l  energy of ith i t e m  Ei 

= modal energy of ith i t e m  

F,T I: as s u b s c r i p t s  o r  superscripts, r e f e r r i n g  t o  
f l e x u r a l  o r  t o r s i o n a l  motion. 

H4 = th ickness  of spacec ra f t  sandwich w a l l  

J = beam t o r s i o n a l  i n e r t i a l  constant  

K = beam t o r s i o n a l  s t i f f n e s s  c o e f f i c i e n t  

( I )  - f l e x u r a l  wavenumber of ith i t e m  kF 

l o g  = logarithm t o  base 10 

&I - n a t u r a l  logarithm 

- t o t a l  mass of ith i t e m  *I 
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GLOSSARY OF SYMBOLS (cmtinued) 

= modal density of ith item 

I noise reduction 

I real part of Zi 

= pressure spectral density 

- structural thickness 
- transmission loss 
= complex displacement amplitude of ith item 

- mechanical impedance (flexural or torsional of ith item 

- inertial loss factor of  ith item 

th = coupling loss f a c t o r  f o r  energy f l o w  from i to jth item 

= angle between mounting truss and spacecraft axis 

- flexural radius of gyration of ith item 

IC @,i - polar  radius of gyration for cross-section of ith item 

- energy flow (power) from ith to jth item 
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GLOSSARY OF SYMBOLS (cont inued)  

( I )  I l i n e a l  d e n s i t y  of  ith i t e m  (where appropr i a t e )  Q 

(I)  = material dens i ty  of ith i t e m  
PP 

(I) - sur face  d e n s i t y  of ith i t e m  (where appropr i a t e )  PS 

7 - torque 

(I? - radian frequency 

s-2 - angular  v e l o c i t y  
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INTRODUCTION 

T h i s  second q u a r t e r l y  r e p o r t  on Contract NASS-9601 cont inues 
our d i scuss ion  of sound and v ib ra t ion  t ransmission i n  a model 
of  the OQO spacecraft-shroud system. The basic formulas and 
concepts t h a t  are useu t o  predict  sound t ransmission w e r e  
developed i n  the  first q u a r t e r l y  r e p o r t .  I n  the  p resen t  re- 
po r t ,  w e  continue the development w i t h  a c a l c u l a t i o n  of 
spacecraf t - to-shroud v ibra t ion  r a t i o s  for mechanically t r ans -  
mitted energy. A ca lcu la t ion  of the no i se  reduct ion  of the 
fiberglass shroud is a l s o  included. 

A n  experimental  s tudy  of  a c o u s t i c a l  and v i b r a t i o n a l  energy 
t m n s f e r  i n  the OGO system should provide an extremely useful 
adjunct  t o  t h e o r e t i c a l  analyses .  I n  t h i s  r e p o r t  a series of 
experimental  s t u d i e s  are out l ined  that  are designed t o  test 
arid t o  complement the t h y r e t i c a l  c a l c i d a t i o n s .  As complete 
a series of  experiments as poss ib le  i s  desirable so that  
most of the important s t r u c t u r a l  and i n t e r - s t r u c t u r e  coupling 
parameters could be determined completely f rom t h e  experimental  
a n a l y s i s .  I n  t h i s  way, one does n o t  have t o  r e l y  on the  t h e o r e t i -  
c a l  estimates f o r  p red ic t ion  o f  energy t ransmission.  

-1- 
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IV CALCULATIONS OF VIBRATION TRANSMISSION 

I n  t h i s  s e c t i o n  w e  c a l c u l a t e  the r a t i o  of mean square 
t r ansve r se  v e l o c i t y  of spacec ra f t  pane ls  t o  the m e a n  
square t r ansve r se  v e l o c i t y  of the r i n g  frame and the 
spacecraft shroud. The s t r u c t u r a l  conf igura t ion  is 
generally s i m i l a r  t o  the act.cral NO-shroud system, b u t  the  
s t r u c t u r a l  parameters are l e f t  fa l r ly  genera l  i n  the develop- 
ment o f  the theory ,  When the  v i b r a t i o n  r a t i o s  are computed, 
parameters r e p r e s e n t a t i v e  of the OGO spacec ra f t  and i ts  
shroud are used. The mechanical elements t h a t  make up the 
model are shown i n  F ig .  1. The rec t angu la r  spacecraft is 
an open ended box a t  i ts  top  and bottom which sits on f o u r  
mounting trusses t h a t  make an angle  8 w i t h  the vehic le  axis. 
These trusses a t t a c h  t o  a ring frame that i s  mounted d i r e c t l y  
on the  shroud. The shroud I s  exposed t o  t he  external sound 
f i e l d  , 

4,l Spacecraf t  t o  shroud energy ratio 

The f o u r  s t r u c t u r a l  elements i n  Fig.  1, t h e  shroud, r i n g  
frame, mounting truss, and spacecraf t ,  form a connected set 
of  multimodal systems of  the type descr ibed i n  s e c t i o n  2.2 
of R e f .  1. I n  o rde r  t o  c a l c u l a t e  the energy r a t i o  between 
the  shroud and the spacecraf t ,  w e  need t o  know the  power 
i n p u t  t o  each s t r u c t u r a l  sec t ion ,  the i n t e r n a l  loss f a c t o r s ,  
and the coupling loss f a c t o r s  between the  connected s t r u c t u r e s .  The 

- 2- 
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c a l c u l a t i o n s  can be s i m p l i f i e d  by making some assumptions 
t h a t  a r e  not only appropr ia te  t o  OGO, bu t  very l i k e l y  t o  
m o s t  spacec ra f t  conf igura t ions  of t h i s  type. 

The energy balance equat ion for the shroud is given I n  
Eq. (3,8.3a) of R e f .  1. The power transmitted from t h e  shroud 
I n t o  the r i n g  frame has n o t  been included i n  that  equat ion.  
It i s  l i k e l y  t o  be small compared t o  the power dissipated by 
t h e  shroud i n  I n t e r n a l  damping and compared t o  the power re- 
r ad ia t ed  by the  shrocd t o  the i n t e r i o r  volume and back i n t o  
t h e  surrounding medium. We the re fo re  assume tha t  the energy 
level af‘ t h e  spacecraft shroud is no t  s i g n i f i c a n t l y  affected 
by t h e  attachment of t h e  ring frame. 

I f  the  shroud energy E2 i s  assumed t o  be known, then the 
u n k n o W a r e  t h e  r i n g  frame, mounting t r u s s ,  and spacec ra f t  ene rg ie s  
E5, E6, and E4. 
the fou r  s t r u c t u r a l  elements o f  o u r  model 

The set  o f  Eqs. (2,3.1) of R e f  1 becomes f o r  

-3- 
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I n  w r i t i n g  these equat ions  w e  have used the symmetry r e l a t i o n  
Eq (3,2.4) i n  Ref. 1. 

W e  n o t e  t h a t  i n  t h e  f i rs t  o f  the Eqs. ( 4 , l . l )  t ha t  if the  

r i n g  frame t o  shroud coupling loss f a c t o r  q exceeds its 
coupl ing loss factor t o  the mounting truss q 

52 
and I t s  in -  56 

then modal energy equilibrium w i l l  q59 ternal loss factor 
e x l s t  between the snroud ana the r i n g  frame, Z.e., 

*2 E 
- z 5  
"2 n5 

Since the r i n g  f r a m e  i s  in t ima te ly  attached a long  i ts  f u l l  
l e n g t h  t o  the spacec ra f t  shroud, we can presume t h a t  its 
energy coupling t o  the shroud w i l l  be large. The r e s u l t  of t h i s  
i n t i m a t e  attachment between t h e  shroud and r i n g  frame results 
i n  the e l imina t lon  of  the  f i r s t  o f  the Eqs.  (4,l.l) and i t s  
replacement w i t h  (4,1.2). 

With these assumptions,  w e  have a three element s t r u c t u r e  of 
the  kind ti:at has been s tudied  previous ly .  Using the second 
and t h i r d  equat ions  i n  Eq. ( 4 , l . l )  w e  can de r ive  an expression 
for t he  ratio of  spacec ra f t  t o  r i n g  frame energy I n  a freqi-ency 
band. The r e s u l t  i s  

where q I s  the r i n g  frame t o  mounting t r u s s  coupling 
56 loss f a c t o r ,  

%4 is  the mounting t r u s s  t o  s p a c e c r a f t  coupling l o s s  
f a c t o r ,  and 

are the spacec ra f t  and mounting t r u s s  d i s s i p a t i v e  
loss f a c t o r s ,  r e spec t ive ly .  Q4'% 
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I f  t h e  mounting t r u s s  of the OGO s t r u c t u r e  has v e r y  light 
danpi rg  anc? is w e l l  coupled t o  the r i n g  frame and t h e  space- 
c r a f t ,  then w e  can assume 

In t h i s  event ,  E q .  (4,1..3) s impl i f ies  .io 

Expressions f o r  ti:e c c u p l h g  l o s s  f a c t o r s  i n  terns o f  t h e  

f l e x u r a l  and t o r s i o n a l  Impedanc2s of the s t r u c t u r a l  a t t ach -  
ments are developed i n  the  following s e c t i o n s .  

4 ,2  Coupling l o s s  f a c t o r  c a l c u l a t i o n s  

Oar next  task is  t o  eva lua te  the s t r u c t u r a l  l o s s  f a c t o r s  
that appear i n  Eq. (4,1.3) eitker on t h e  basls of t h e o r e t i c a l  
analysis or by an appeal t o  expertinent. The i n t e r n a l  l o s s  
f a c t o r s  q4 and r ~ ,  that describe t h e  d i s s i p a t i o n  i n  the space- 
c r a f t  and t h e  mounting truss must a t  the p resen t  t i m e  be 
experimental ly  determined. Same r ecen t  ga ins  have been made 

i n  the es t imat ion  of Internal dampfng of s t r u c t u r e s ,  
they are no t  s u f f i c i e n t l y  advanced s o  t h a t  we can conf iden t ly  
use these estimates f o r  engineering p r e d l c t i o n s .  

bu t  
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The coupling loss f a c t o r  i s  computed from i t s  de f in ing  
f crmula, 

The average energy Ea is q u a d r a t i c a l l y  dependent on the 
s tanding  wave amplitudes i n  subsystem (a). The power f lowing 

tudes  and on the fo rce  and moment impedances o f  t h e  connected 
s t r u c t u r e s  a t  their  attachment p o i n t s .  
the  r a t i o  of power t o  s t o r e d  energy w i l l  t he re fo re  be independent 
o f  t h e  wave amplitudes and w i l l  depend on geometrical  and phys ica l  
parameters of t h e  a t tached  s t r u c t u r e s .  

f n n m  (2) t~ (+A, TI a l n o  +pp~es g f i ~ ~ p - + i c ~ ~ l y  these zznlq- -ab ---- r-- - A -..I 

I n  a l i n e a r  system, 

Cmputat ion of 1) Due t o  t h e  way the  r i n g  frame i s  attached 
t o  t h e  shroud, f g x u r a l  motion of t he  r i n g  frame (5)  w i l l  only 
have displacements normal t o  t h e  shroud. ( 2 ) .  
ment have a complex amplitude y Then f o r  v ib ra t ions  a t  fre- 5' 
quency cu and s inuso ida l  spatial  dependence, the f l e x u r a l  energy 
of the  r i n g  frame is  

. 

L e t  t h i s  d i sp lace-  

The i n t e r n a l  impedance t h a t  the r i n g  frame has as  a source 
o f  e x c i t a t i o n  f o r  the  mounting t r u s s  i s  the  r a t io  of moment 
t o  angular v e l o c i t y  parallel t o  the spacec ra f t  a x i s  a t  the  
po in t  of i t s  attachment t o  the mounting t r u s s .  In  terms of 

-iut the  r i n g  frame parameters, assuming e t i m e  dependence, Y 

-6- 
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where p J ,  I C ,  e, and cF are the  l i n e a l  dens i ty ,  r ad ius  of 
gyra t ion ,  l o n g i t u d i n a l  wavespeed, and bending wavespeed of 
the  r i n g  frame. 

R1r.g f r m e  flexure w i l l  e x c i t e  both torsional and f i e x u r a l  
waves i n  r;ne mounting t r u s s .  The ratlo of moment t o  angular  
v e l o c i t y  f o r  a free t o r s i o n a l  wave i n  the mounting truss 

where i s  the p o l a r  r a d i u s  of gyra t ion  of t he  mounting 
truss cross-sect ion and cT- cs d m i  is  the t o r s i o n a l  wavespeed. 
I n  t h e  d e f i n i t i o n  of cT, the shear wavespeed i n  the material is 
c and J and K are i n e r t i a l  and s t i f f n e s s  cons tan ts  f o r  
t o r s i o n a l  motion. The mounting t r u s s  f l e x u r a l  impedance i s  
taken t o  be the r a t i o  of moment appl ied t o  a pinned end of a 
s e m i - i n f i n i t e  beam t o  the r e s u l t i n g  angular  v e l o c i t y /  

S' 

6 

The t o t a l  "load' impedance t h a t  the mounting truss p r e s e n t s  
t o  t h e  r i n g  frame a t  the attachment p o i n t  w i l l  now be der ived .  
The junc t ion  between t h e  r i n g  frame and mounting t r u a s  I s  
recons t ruc ted  i n  Fig. 2. The r i n g  frame is replaced by an 
i n f i n i t e  beam constrained t o  have f l e x u r a l  displacements i n  

-7- 
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the  x2 d i r e c t i o n  only and the mounting t r u s s  is a s e m i -  
i n f i n i t e  beam which a t t a c h e s  t o  the  ring frame. The junc t ion  
is the  o r i g i n  of t h e  coordinate system. The d i r e c t i o n  x 
is t he  vehic le  axis. 
spacecraft is softest t o  a t o r s ion  i n  that  d i r e c t i o n .  Such 
a t o r s i o n  will r e s u l t  from both t o r s i o n a l  waves I n  the 
mnmting truss, and flexural waves I n  the mounting truss w i t h  

generated by a f l e x u r e  of the r i n g  frame. 

3 
We have noted p r e v i o u s l a  that  the 

.P-CI-. -4' 4 - h n - m  m n f 4 n n e  rn- dispiaceme1its p a ~ ~ l l e l  to x 1 U V U L A  V I  U A A L U . .  S L A V U L Y A A Y  Y I I  

Torsional  waves i n  the r i n g  frame w i l l  genera te  f l e x u r a l  
displacements in the (x2, x ) plane which w i l l  n o t  produce 
axial t o r s i o n  on the  spacec ra f t .  We t he re fo re  neg lec t  t h i s  

component of r i n g  frame motion and only consider  t h e  loading  
tha t  the mounting truss produces f o r  r i n g  frame f l e x u r e .  

3 

L e t  t he  angular  v e l o c i t i e s  due t o  mounting t r u s s  t o r s i o n  and 
f l e x u r e  a t  the junc t ion  be $ and Rp as shown I n  F i g .  2. 
Since the ring frame w i l l  not a l low angular  v e l o c i t y  i n  the  

d i r e c t i o n  a t  the Junction, one must have x2 

The a x i a l  (or x ) component of angular v e l o c i t y  a t  the Junct ion 
is 

3 

R3- QF s i n 0  + % cos6 

The r e a c t i o n  torque t o  t h i s  a c i a l  angular  v e l o c i t y  a t  
the junc t ion  is 

- 8- 
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cos6 + T* s ine  731 7T 

where 
v e l o c i t i e s  by t h e  impedances (4,2.4) and (4,2.5). 
t h e r e f o r e ,  

and T~ are related t o  the  appropr i a t e  angular  
One has 

We def ine  the r a t i o  of 7 t o  R as the mounting t r u s s  load 
impedance Z6: 

3 3 

( 4 , 2 3 1  

(4,2.9) 

One can see t h a t  the c o r r e c t  impedance i s  obtained i n  the 
l i m i t s  of 6=0 and 8 = ~ / 2 .  

The power t r a n s f e r r e d  f r o m  (5)  t o  (6) can be expressed in 
terms o f  these impedances and t h e  axial component of angular 
velocity of the r i n g  frame a t  the junc t ion ,  w i t h  t h e  mounting 
t r u s s  detached: 

(4,2.10) 

The power t r a n s f e r r e d  i s  then obtained from consider ing the  

equiva len t  c i r c u i t  f o r  t he  junct ion,  Fig. 3: 

(4,2.11) 

I 

-9- 
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J (4,2.12) 

Plac ing  (4,2.12) and (4,2.2) i n t o  (4,2.1) w e  ge t  the desired 
r e s u l t  

If (4,2.3) and (4,2.10) are used, a l l  the  q u a n t i t i e s  contained 
i n  (4,2.13) can be ca l cu la t ed  from basic s t r u c t u r a l  parameters. 

Computation o f  %4. The f l e x u r a l  and t o r s i o n a l  waves generated 
i n  the mounting t r u s s  by the  r i n g  frame w i l l  reverberate on the 
t r u s s  and have the i r  ampl i tudes  b u i l t  up u n t i l  the power inpu t  
from t n e  frame equals  t h e  power t ransmi t ted  back i n t o  t h e  r i n g  
frame and on i n t o  t h e  spacec ra f t .  The t o r s i o n a l  and f l e x u r a l  
wave amplitudes inc iden t  on the  t rus s - spacec ra f t  junc t ion  are 
t h e r e f o r e  n o t  equal  t o  those d i r e c t l y  generated a t  the  t r u s s -  
frame Junct ion.  $ 

If the displacement amplitude i n  the  f l e x u r a l  truss motion I s  

y 6 J  then  the f l e x u r a l  energy i n  the truss i s  

(4,2.14) 
i 
I 

-10- 
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Again assuming s inuso ida l  spatial dependence, if the angular  
v e l o c i t y  amplitude assoc ia ted  w i t h  the t o r s i o n a l  wave i s  
C16, then  the t o r s i o n a l  energy i s  T 

If equi l ibr lm has been achieved between t o r s i o n a l  and f l e x u r a l  
modes o r  the mounting truss, w e  r e q u i r e  

T T  
g / n g =  J 

F T where n6 and n6 are modal d e n s i t i e s  f o r  f l e x u r a l  and 
t o r s i o n a l  modes a t  the mounting t r u s s .  
the truss is 

The t o t a l  energy of 

(4,2.16) 

A t  the  junc t ion  between the mounting t r u s s  and the  spacec ra f t ,  
the source impedance f o r  t h e  a8ial t o r s i o n  I s  26 and the load 
impedance I s  Z4. 

plate edge f o r  a normal moment. 
by Eich le r .  H i s  expression I s  

The impedance Z4 I s  taken t o  be tha t  of a 
This Impedance has been computed 

where 

(4,2.18) 

-11- 
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1 .  
R 
li 
I 

Here, ps (4 )  is  t h e  su r face  dens i ty ,  K4 i s  the f l e x u r a l  r ad ius  

Of4' i s  t h e  f l e x u r a l  wavenumber. The ha l f -wid th  of the r i n g  
frame is w .  The power transferred is  

y ra t ion ,  c4 is the  mater ia l  l ong i tud ina l  wavespeed, and 

kF 

(4  2.20) 

where R6 is the  t o t a l  axial component o f  the  t r u s s  angular  
v e l o c i t y  when it is pinned a t  t h e  junc t ion  b u t  the spacec ra f t  
i s  absent .  The a x i a l  component o f  f l e x u r a l  angular  ve loc i ty  
I S  Kf (6) u'y6 s i n e  and t h e  a x i a l  component o f  t o r s i o n a l  angular  
v e l o c i t y  is Q6 c o d .  

v e l o c i t y  is t h e r e f o r e  

T The t o t a l  mean square a x i a l  angular  

Placing (4,2.21) i n  (4,2.20) and using (4,2.20) and 
(4,2.17) t o  de f ine  '164, w e  a r r ive  a t  

rn 

The c a l c u l a t i o n s  f o r  t h e  coupling loss f a c t o r s  and energy 
r a t i o s  are c l e a r l y  q u i t e  tedious and w i l l  depend on b a s i c  
s t r u c t u r a l  parameters I n  an involved way. Calcu la t ions  of 
t h e  energy ra t ios  will require t h e  use of a computer. 

-12- 

(4,2.21) 

(4,2.22) 



Bol t  Beranek and Newman Inc .  

4 ,3  Computation of ve loc i ty  r a t i o s  f o r  t h e  000 model 

I n  t h i s  s e c t i o n  w e  sha l l  u s e  Eqs.  (4,1.2) and (4,1.3) t o  
p r e d i c t  the  r i n g  frame t o  shroud and spacec ra f t  t o  r i n g  
frame energy and v ib ra t ion  amplitude r a t i o s .  A mul t ip l i -  
c a t i o n  of these r a t i o s  will provide the  r a t i o  of spacecraft 
t o  shroud v i b r a t i o n  levels. 

S t r u c t u r a l  parameters f o r  t he  elements i n  Fig.  1 have been 
chosen by re ference  t o  engineering drawings of OGO provided 
by NASA. There has been some i d e a l i z a t i o n  o f  t h e  geometry 
of these elements,  bu t  an attempt has been made t o  fol low 
as c l o s e l y  as poss ib l e  t h e  o r i g i n a l  dimensions and configura- 
t i o n  i n  our  choice of parameters.  

The e x t e r i o r  g l a s s - r e in fo rced -p la s t i c  ( G R P )  shroud was de- 
sc r ibed  i n  Chapter 3 o f  R e f .  l. It i s  a cy l inde r ,  6 f t .  i n  
diameter, 11 f t .  long, w i t h  a th ickness  o f  0.1 i n s .  It has 
a d e n s i t y  of 113 lbs p e r  cubic f o o t ,  and a Young's modulus 
of 2.75~10 l b s  per sq. i n .  I n  cgs u n i t s  these parameters 
are 

6 

t2- 0.25 cm ( 2 ) =  1.8 gm/cm 3 
PP 

4 2  - 3.4~10~ cm/sec c2 A*- 6.1~10 c m  

-13- 
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The r i n g  frame is  a l s o  modeled on the basis of p r i n t s  suppl ied 
by NASA. It is  an aluminum channel beam having the dimensions 
shown i n  Fig.  4 .  Allowed motion of the  r i n g  frame c o n s i s t  of 
t o r s i o n  along i t s  a x i s  and f l exure  normal t o  the shroud. The 
dimensions are shown i n  the f i g u r e .  We see from Eqs. (4,2.2) 
(4,2.3) and (4,2.%L) that  the requi red  parameters are r i n g  
A C * ~ m -  L u h u -  mass PI,, 3 f l e x u r a l  raciiuis af gyra t ion  I C , ,  I l i n e a l  d e n s i t y  
p i  (5), and f l e x u r a l  wavespeed cp’. Since there 8~ four mount- 
i n g  trusses, w e  consider  the  s t r u c t u r a l  system t o  be divided 
i n t o  f o u r  equal  and p a r a l l e l  po r t ions .  
o u t  w i l l  t r ea t  the  system as though it  were d iv lded  i n t o  four 
para l le l  s e c t i o n s .  

Our c a l c u l a t i o n s  through- 

I n  terms of the dimensions i n  Fit;.  4,  the  flexural r ad ius  
of gy ra t ion  i s  given by 

2 w(y-t/2) 2 +(x 3 +y 3)/- %* a + w  (4,3.2) 

where 

(493.3) 
2 x= a-y; y- (a +wt)/z(a+w) . 

These r e s u l t s  are obtained from the d e f i n i t i o n  of the 
f l e x u r a l  r ad ius  of gyra t ion  as the  second moment of the 

cross-sectional area about the n e u t r a l  a x i s  of the  beam. 
The f l e x u r a l  wavespeed on the r i n g  frame i s  given by 
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and t h e  f l e x u r a l  wavenumber i s  def ined by 

Equations (4,3.2) and (4,2.4) along w i t h  the  dimensions i n  
Fig.  4 provide s u f f i c i e n t  Information f o r  the eva lua t ion  of 
t h e  s t r u c t u r a l  dynamics of  the  r i n g  frame. 

The mounting t r u s s  f o r  the  OGO spacec ra f t  i s  a double beam 
(wishbone) connection between t h e  corner  of t h e  spacec ra f t  
and the mounting t r u s s .  We have s impl i f i ed  and i d e a l i z e d  
t h i s  i n  t h e  model design as a s i n g l e  channel beam of dimen- 
s i o n s  and c m f i g u r a t i o n  shown i n  Fig.  5. The s i n g l e  channel 
beam is  designed t o  have t h e  same t o r s i o n a l  r i g i d i t y  and 
t o t a l  mass as the  two beams tha t  i t  rep laces .  As mentioned 
previously,  i t  has two modes of  motion tha t  are e f f e c t i v e  
i n  t r a n s m i t t i n g  energy t o  the spacec ra f t .  
i n  the d i r ec t io r !  i nd ica t ed  i n  t h e  s e c t i m a l  v i e w  o f  Fig.  
and t o r s i o n  along t h e  a x i s  of t h e  mounting t r u s s .  

They are f l e x u r e  
5 

From Eqs. (4,2.4) and (4,2.5) it  i s  necessary t ha t  w e  
e v a l u a t e  t h e  l i n e a l  dens i ty  p i 6 ) ,  the  p o l a r  r ad ius  of 

t h e  t o r s i o n a l  gy ra t ion  f o r  t h e  channel c ross  s e c t i o n  It 

wavespeed cL6), the  f l e x u r a l  r ad ius  of gy ra t ion  f o r  the  
power-transmitt ing component of f l exure ,  and the f l e x u r a l  

can be obtained from t h e  c ross  s e c t i o n a l  area of the beam 
shown i n  Fig.  5 and the  volume d e n s i t y  of the  material 

@,e 

wavespeed f o r  t h i s  mode of motion cF (6) . The l i n e a l  d e n s i t y  

- 15- 
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(aluminum) from which t h e  beam i s  cons t ruc ted .  The 
f l e x u r a l  r ad ius  of gyra t ion  f o r  mounting t r u s s  f l e x u r e  i s  
given by 

K Z -  a + w  (4s3.5) 

where a and w are taken f r o m  Fig.  5 and have t h e  same 
genmet-ric s lgn i f i cance  (but  no t  the  same value)  as ind ica t ed  
i n  Fig. 4.  -Lne p o l a r  radiils c;f gyratim 
the  sum of t h e  squares  o f  the radii  o f  gyra t ion  i n  the  two 
p r i n c i p l e  d i r e c t i o n s  of t he  channel.  This amounts t o  a 
summation of  the  forms i n  E q .  (4,3.2) and (4,3.5). The 
f l e x u r a l  wavespeed for the r i n g  frame i s  given by 

-. is found finding 5) 

The long i tud ina l  wavespeed f o r  the  channel beam i s  the 

same as i t  was f o r  the r f n g  frame, i , e ,  
t h a t  t h e  mounting t r u s s  makes w i t h  t h e  a x i s  of t h e  spacec ra f t  
i s  0.44 rad ians  o r  approximately 25'. 

cG'c5. The angle  

I n  Fig.  6, we show the  conf igura t ion  of the spacec ra f t  
r e l a t i v e  t o  t h e  mounting t r u s s e s  t ha t  support  It. As noted 
previous ly ,  a c e r t a i n  sec t ion  of the spacec ra f t  i s  assigned 
t o  each of  t he  f o u r  mounting t r u s s e s  and t h e  assumption i s  
that  there is  no average Interchange of energy between these 
s e c t o r s .  The panels  of the spacec ra f t  box are made up of the 
o r t h o t r o p i c  sandwich ma te r i a l  i nd ica t ed  i n  the s e c t i o n  
diagram. As w e  see f rom Eq. (4,2.22), the inpu t  impedance 

- 16- 
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t o  t o r s i o n a l  e x c i t a t i o n  along the v e r t i c a l  edges of t h e  
s p a c e c r a f t  box i s  needed. Unfortunately,  t h e  only calcu- 

i s  E i c h l e r ' s  i s o t r o p i c  p l a t e  a n a l y s i  
l a t i o n  of t o r s i o n a l  edge admittance l a t e  t h a t  e x i s t s  

I n  o rde r  that w e  may apply Eichler's results t o  t h i s  problem, 
w e  have decided t o  model t h e  spacec ra f t  pane ls  by an equlva- 
l e n t  i s o t r o p i c  sandwich s t r u c t u r e .  This equiva len t  panel has 
a bending r i g i d i t y  that  i s  the geometric mean of t h e  bending 
r i g i d i t i e s  of the a c t u a l  panel cons t ruc t ion  i n  t h e  two 
p r i n c i p l e  d i r e c t i o n s .  The r e s u l t i n g  panel I s  a sandwich of 
1.8 cm th ickness  w i t h  two aluminum sk in  f ac ings  o f  .052 cm 
each. The o v e r a l l  dimensions of the spacec ra f t  are n o t  a l tered.  
The Young's modulus o f  t h e  material from which t h i s  sandwich 
i s  constructed would have t o  be roughly 6% less than that  of 
aluminum. This d i f f e rence  i s  assumed t o  be n e g l i g i b l e  and 
h a s  n s t  been taken i n t o  a c c o u n t  i n  t he  computations. 

We can see from Eqs. (4,2.18) and (4,2.19) t h a t  w e  need 
parameters the su r face  d e n s i t y  o f  the  spacec ra f t  pane ls  

( 4 )  which i s  obta inable  from t h e  s e c t i o n  diagram i n  Fig.  6, 
P S  
and the r a d i u s  of gyra t ion  for f l e x u r a l  waves on the panel  
K 4 ,  given by 

K4= H4/2 . (4,307) 

The l o n g i t u d i n a l  wavespeed of t h e  material c4 i s  tha t  of 
aluminum and hence c4'C5=c6 and k i 4 ) ,  the  f l e x u r a l  wavenumber 
f o r  panel waves, i s  given by 

-17- 
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The parameter remaining i n  Eq. (2,2.22) i s  the r a t i o  of 
modal d e n s i t y  f o r  t o r s i o n a l  and f l e x u r a l  motions i n  the 
r i n g  frame which is given by 1/ 

(493.8) 

(493.9) 

Applying these s t r u c t u r a l  parameters i n  Eq. (4,2.13), w e  
can obta in  t h e  r i n g  frame t o  mounting t r u s s  coupling l o s s  
f a c t o r  q 
Fig.  7. We have p l o t t e d  q on a l q p i t h m i c  s c a l e  a g a i n s t  
a lqgwithmic frequency sca l e ,  where the f requencies  shown 
are octave band cen te r  f requencies .  The rate of decrease 
w i t h  frequency very c lose  t o  1.5 db p e r  octave,  correspond- 
i n g  t o  a frequency dependence of f 

The r e s u l t  of t h i s  c a l c u l a t i o n  i s  shown i n  56- 
56 

- 1/2 

The coupling loss f a c t o r  f o r  r i n g  frame t o  spacec ra f t  power 
t r a n s f e r ,  %4 has a l s o  been ca l cu la t ed .  The r e s u l t s  of the 
computation are a l s o  shown i n  Fig. 7. We note  t h a t  extrodin-  
a r i l y  large values  of coupling l o s s  f a c t o r s  a t  low f requencies  
are obtained.  These i n d i c a t e  t h a t  q u i t e  i n t ima te  coupling 
between the  mounting t r u s s  and t h e  spacec ra f t  e x i s t s  f o r  
these f requencies .  Complete energy equi l ibr ium between 
these two s t r u c t u r e s  a t  these f requencies ,  perhaps up t o  
a frequency of the o rde r  o f  500 cps should be expected. 

-18- 
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The r a t i o  of spacec ra f t  t o  r i n g  frame energy i n  any 
frequency band i s  given i n  Eq. (4,1.3). The l o s s  f a c t o r s  

and q46 w i l l  be obtained from the known loss f a c t o r s  
and k4 r e s p e c t i v e l y  by use of the symmetry r e l a t i o n  

%5 
3 6  
Eq. (3,2.4) i n  R e f .  1. One has t h e r e f o r e  

where the modal d e n s i t y  ratios are given by 

I n  these equat ions the length o f  a mounting t r u s s  is  L6 
and L 
t o t a l  area of t h e  spacec ra f t  box is  A4. The remaining 
parameters have been defined previous ly .  The r e l a t i o n  
between the  (space-time) mean square v e l o c i t y  response and 

2 t h e  average energy is  E- Mv . Thus, the r a t i o  of mean 
square v e l o c i t y  of the spacecraf t  t o  mean square t r ansve r se  
v e l o c i t y  o f  the r i n g  frame is given by 

i s  1/4 of  the t o t a l  l ength  of the r i n g  frame. The 
5 

- 19- 
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This r a t i o  has been computed f o r  the s t r u c t u r a l  parameters 
of  t h e  model and i s  displayed in Fig .  8. 
100 cps the spacec ra f t  v ib ra t e s  approximately 13 db less 
than the r i n g  frame. we nave a l s o  used Eq. j4 , i . z ;  t u  

ob ta in  t h e  ring frame t o  shroud v ib ra t ion  r a t i o s .  The r a t i o  of 
r i n g  frame t o  shroud modal d e n s i t y  i s  

We see tha t  above 

The v e l o c i t y  r a t i o  i s  a l s o  displayed i n  Fig.  8. We no te  
that  the ring frame ve loc i ty  decreases  as the frequency 
inc reases  a t  a rate of approximately 1.5 db p e r  octave,  i n  . 
d i r e c t  consequence of  t he  d i f f e r e n c e  i n  modal d e n s i t y  between 
the one dimensional r i n g  frame and the two dimensional shroud 
modal d e n s i t i e s .  If t h i s  v e l o c i t y  r a t i o  i s  expressed 
loga r i thmica l ly ,  t h e  n e t  r a t i o  of spacec ra f t  t o  shroud 
v e l o c i t y  response amplitude ranges from approximately 27 t o  
35 db over the frequency range of i n t e r e s t .  It i s  t h i s  
v i b r a t i o n  r a t i o  t h a t  w e  wish t o  compare w i t h  t ha t  der ived  
f o r  t h e  acous t i c  t ransmission path. 

- 20- 
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V. ACOUSTIC NOISE REDUCTION By THE SfIROUD 

The elements of the acoustic transmission path consist of 
an exterior sound field, a spacecraft enclosing shroud, an 
interior acoustic space, and the spacecraft. In Chapter 3 
of Ref. 1 idealized model8 of these elements and our 
approach toward predicting vibration levels due to acoustic 
excitation for our model of the spacecraft are described. 

on the shroud noise reduction is reported herein. 
we have mntinuee With t h i s  appreach 2nd relevant prcgress 

In Ref. 1, a set of equations was developed to predict the 
flow of acoustic energy into resonant vibration of the 
shroud, the flow of energy from the shroud into the 
interior acoustic space, and finally the flow of energy 
into the spacecraft. (See 3,2) .  !J!Ms set of equations 
can be solved for  the relative vibration and sound pressure 
levels of each element of the acoustic path in terms of the 
exterior sound pressure level, the modal densities, and 
coupling and internal loss factors of the elements. A 

method for predicting the coupling loss factor between a 
diffuse sound field and a cylindrical shroud was developed. 

5, l  Introduction to noise reduction 

In this chapter we focus our attention on a preliminary 
step toward the prediction of spacecraft vibration levels: 
the prediction of the noise reduction, NR, due to the 
shroud. 
in sound pressure levels (expressed in dB) outside and 
inside the shell. 
discussion of noise reduction problems and much of the 
analysis in this paper is based on work contained in these 
references. 

m e  noise reduction is defined as the difference 

References 10 and 11 give a detailed 

-21- 
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The no i se  reduct ion of the shel l  can be conveniently 
s t u d i e d  i n  three reg ions  of frequency. *g low f requencies  
below the first resonant  f requencies  of the shell  and the 
i n t e r i o r  a c o u s t i c  space; in te rmedia te  f requencies  a t  which 
either the shell o r  the i n t e r i o r  space v i b r a t e 8  resonant ly;  
and hlgh f requencies  a t  which both elements vibrate 
resonant ly .  W e  res t r ic t  our a t t e n t i o n  i n  t h i s  r e p o r t  t o  
high frequencies .  When the shell  dimensions exceed both 
+kn U&AG SLbUUDb-4.L nr,n.."+i n sz6 flexdral wa-<elergths, its response to a 
sound f i e l d  may be thought of  a s  composed of  two f o r n s  of 
motion. F i r s t ,  the sound wave w i l l  induce a motion i n  the 
shell  matching it i n  frequency and t r a c e  wavelength. 
Between the r i n g  frequency and the c r i t i c a l  frequency, the 
induced wavelength w i l l  always exceed the "na tura l"  bending 
wavelength for the shell  (1.e. there w i l l  be no AF modes), 
and the shell response will be that of  a limp w a l l ,  

"forced",  o r  "nonresonant" response.  

This 
mass-controlled response we refer t o  as the 11 forced wave", 

A t  the boundaries of the shell, the forced wave a lone  w i l l  
no t  sa t isfy the boundary condi t ions.  I n  o rde r  t o  do so, 
bending motions, which are s o l u t i o n s  of the homogeneous 
wave equation, are generated that must combine with the 
forced  waves t o  satisfy the boundary condi t ions.  These 
a d d i t i o n a l  motions w e  refer t o  as the ''free wave", "free", 
o r  "resonant" response.  A l l  the motion is "forced",  of 
course,  in the sense  that there would be no response without 
e x c i t a t i o n ,  bu t  the breakdown of the response i n t o  th i s  
d i v i s i o n  is a convenient one. 

A t  and below the r i n g  frequency, the induced wavelength of 
the forced wave response can match the "na tura l"  wavelength 
of one of the shell modes. A t  these f requencies  the 
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d i v i s i o n  of response i n t o  "forced" and "free" wave response 
is no longer  s imple  and may not  be convenient.  
s ta tement  can be made f o r  f requencies  above the c r i t i c a l  
frequency . 

A s i m i l a r  

5,2 Noise reduct ion  for  resonant  shroud v ib ra t iona  

A +  f ~ q ~ ~ ~ ~ i f ? ~  2 5 ~ 1 ~ e  criticel fr(~lqi~c~cv f?el~w the .I .-- ---  
r i n g  frequency tne sound power radiated i n t o  the l n t e r i o r  

of the shroud. Thus, w e  can use the power balance a ' s .  

(3,2.5) of R e f .  1 t o  p r e d i c t  the NR, 

a c o u s t i c  apace is con t ro l l ed  by the 11 free" resonant  response 

where the underscore s ign i f ies  a matrix. The modal dens i ty  
mat r ix  n, t h e  coupling loss f a c t o r  matrix, 3 ,  and the modal 
energy matrices, -5 and %, are def ined  on page 24 of  R e f .  1. 
Using eq. (5,2.l) ,  t he  r a t i o  of the e x t e r i o r  pressure 
spectrum t o  the i n t e r i o r  spectrum is 

- 

The NR follows by d e f i n i t i o n  

-23- 



Bolt Beranek and Newman Inc. 

m f 10 log [%I 
In E q .  ( 5 , Z . z )  the quantity in brackets, 

is obtained from the losses due to dissipation In the acoustic 
space and the spacecraft. 
NR f o r  several assuned values of qloSs. 
loss factor, q2, cannot be calculated theoretically. 
past experience has shown that assumed values of q2 - 
or l/f can provide reasonable results. 
the NR for both of these values. The remaining constants, 

wave” NR for our aodel of the shroud is p lo t t ed  as a function 
of frequency in F i g .  1 and is compared with the mass-law NR 
which will be calculated in the next section. 

In this report we will obtain the 
The shroud internal 

However, 

We w i l l  calculate 

and n have been predicted in Ref. 1. The “free q21. n2’ 3 

5,3 Noise reduction for nonresonant shroud vibrations 

Between the ring frequency and the critical frequency, the 
coupling loss factor between the acoustic field and resonant 
vibrations of the cylindrical shroud is very small. Thus, 
in spite of large amplitude resonant vibrations in the 
shroud the sound power radiated into the interior at these 
frequencies is small. n-ie forced vibrations, on the other 
hand, are strongly coupled to the acoustic field and in 
spite of their small amplitudes, they can radiate significant 
amounts of power into the interlor. The actual NR can never 
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exceed either the forced-wave value or that calculated 
assuming free wavea alone, since both forced and free 
motions exist on the shroud at all times. 

To calculate the NR due to forced vibrations we follow 
the procedure used in reference 1. 
involves the transmission coefffcient 7, defined as the 
ratio or̂  the incident acoustic intensity to tne transmitted 
acoustic intensity f o r  an infinite panel. The transmission 
loss (TL) is defined by 

?his procedure 

Below the critical frequency, the sound transmission 
coefficient of an infinite panel I ,12/ 

where Q, is the angle of incidence of the incoming acoustic 
wave, i'si is  the magnitude of the complex ratio of the 
pressure difference on the two sides of the panel to the 
velocity of the panel perpendicular to its surface, and 
poco is the characteristic acoustic impedance of the fluid 
medium. 
impedance magnitude can be expressed as 

When the panel response is mass-controlled, the 
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where p s  is  the panel  mass per  u n i t  area. When the inc iden t  
a c o u s t i c  waves are d i s t r i b u t e d  over a l l  angles of incidence,  
the t ransmi t ted  power i s  given by an average of -r over a l l  
angles  of incidence s t e rad ians ) :  

where 

- J o  7 cos@ s in@ dQ r =  
JE/2cos@ sin@ d@ 

w Combining Eqs. (5,3.1-5) g i v e s  an expression f o r  TL, 

Eq. (5,3.6) is v a l i d  for  an  i n f i n i t e  panel which is 
responding i n  a mass-controlled manner. However, when 
the dimensions of a f i n i t e  panel are large compared t o  
the acous t i c  wavelength this equat ion is also va l id  for 
p r e d i c t i n g  the TL r e s u l t i n g  from the forced response of 
the f i n i t e  panel.  

To c a l c u l a t e  the NR we f i n d  the spectral l e v e l  of in-  
t e n s i t y  i n c i d e n t  on the shroud from a diffuse a c o u s t i c  
f ie ld .  This i s  given i n  terms of the p res su re  s p e c t m  
by 
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inc 

The net spectral power transmitted into the interior 
acoustic space from the external diffuse field is 

(513.7) 

where A 2 i s  the surface area of the shroud. 
must be equal to that dissipated inside the shroud. Since 
the interior sound field is resonant, the dissipated power 
can be expressed in the statistical energy forms developed 
in R e f .  I; 

This power 

-  loss n e  3 3 'diss ( 5 ,  3.91 

where qlo ss is defined in Eq. (5,2.4). The modal energy of 
the acoustic space e is  given by 3 

Equating Eqs. (5*3.8) and (5,3.9) gives 

4av  Qloss 
NR - 10 loglo c1+ *I 

- 27- 
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where V i s  the volume of the i n t e r i o r  a c o u s t i c  space, and 
A2 is  the s u r f a c e  area of the shroud. 

3 

The NR due t o  forced v i b r a t i o n s  given by Eq. (5,3.11) is  
p l o t t e d  i n  F i g .  1 f o r  s e v e r a l  va lues  of ~V3qloss/A2co and 
is compared w i t h  the NR due t o  resonant  v ib ra t ions .  Note 
that  the o v e r a l l  Ill3 is con t ro l l ed  by forced v i b r a t i o n s  f o r  
f requencies  between tne ring frequency and the c r i t i c a l  
frequency, and v a r i e s  f rom nea r  zero t o  around 20 db. 

5,4 Direc t ions  of f u t u r e  s tudy 

During the next q u a r t e r  we w i l l  concent ra te  on the a c o u s t i c  
acceptance properties of  the spacec ra f t  model. This work 
w i l l  complete the a n a l y s i s  of the a c o u s t i c  path. 

- 28- 
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VI. EXPERIMENTAL ANALYSIS OF RANDOM LOAD TRANSMISSION 

IN A SPACECRAFT 

One of our responsibilities under contract NAS5-9601 is 
the design of a series of experiments of sound and vibration 
transmission in a model of the OGO spacecraft. In t N s  
chapter we present some general guidelines and consldera- 
tions for the design of specific experirnenta. 
for particular experiments are not included in the chapter. 

Ihe design6 

6,1 Introduction 

Experiments on structural configurations exposed to random 

variety of purposes. The field of environmental testing I 

includes experiments that are designed to "proof test" a 
structure, In such tests, the structure is subjected to 
an anticipated environment and one determines whether or 
not its structural Integrity and/or its operational behavior 
are affected by the environment. 
lower levels of excitation to determine anticipated response 
at locations where sensitive equipment may be mounted. 
Vibration and acoustic specifications may be generated for 
particular equipments by such tests. 
propose for the OOO model do not include the former type of 
test at all but have elements in common with the latter. 

I 

acoustic environments can be and are carried on for a wide ~ 

I 
Tests may also be run at 

"he tests that we will 

A second major class of experiments Is designed to merely 
gather data on structural and acoustic parameters, These 
parameters are usually obtained, either because they cannot 
be directly or conveniently calculated or because there I s  
Some wish to correlate a calculation with an experimental 
study. The experiments may be designed to gather only a 
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few bits of structural information or they may be designed 
to define almost all of the major parameters of the system. 
In either case the result of the experiment is a list of 
data that is  to be used in theoretical analyses for the 
prediction of some other more complex bit of information 
about structural behavior. !&e types of experiments we 
describe here fall within this category. In fact, we 
propose measurements of many structural parameters that 
can be calculated frm theoretical netions. Ia th ia  w a y ,  
predictions of vibration and load transmission can be based 
upon as much experimentally derived information as possible. 

Finally of course there are experiments that one might 
call "research tests". Such experiments are used to 
directly test theoretical calculations of modal density, 
response ratios, damping, or other parameters. They may 
also be used to test theoretical assumptions about the w a y  
that the structure is behaving In various segments, frequency 
ranges, or modes of motion. Some of the experiments that 
we will propose fall in this category. 

The spacecraft model to be analyzed is  shown in Pig. 1. 
The detailed structure of this model is shown further in 
Figures 4, 5 and 6 and was discussed in the text of chapter 
4. It should be designed to be as flexible in use as 
possible, 1.e. it should be readily dismantled, and the 
addition of structural damping and acoustic absorption 
should be relatively simple. We do not feel that there are 
any conflicts between these requirements and the fundamental 
necessity for the model to be representable by the dynamical 
considerations outlined in chapters 4 and 5. 

In the more detailed discussions 
and acoustical path6 are treated 

to follow, the mechanical 
separately as they are 
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in the theoretical analyses. For each of the major 
acoustical and structural elements of each path we will 
describe those parameters that are most important in 
establishing the energy transfer and storage. We will 
also try to give some indication of the problems and 
possibilities for the experimental determination of each 
important parameter. We w i l l  describe various energy 
transmission experiments. It may be desirable to perform 
tr"lese oii -.I- .l-..- -̂-a- 

v a A - A u u p )  ~ G ~ ~ U C U ~ S  of the eiieri~ji tranmiaaion 
chain. Experiments on transmission of energy fn the 
vibrational and acoustical chains separately or together 
should also be carried out. Based on this very detailed 
breakdown, a fairly high degree of flexibility in the 
spacecraft model construction is desirable. %is 
flexibility would not in general be available to us if 
we were studying an actual spacecraft. !Be essential 
difference is not in the complexity of the system, but in 
the degree of ease with which one can dismantle various 
segments of the system and then reconnect them and have 
the structure remain in its initial state. 

In the remaining sections of this chapter we shall 
describe the primary parameters of the structural elements 

important to the noise and vibration transmission. Ihe 
mechanical path and the acoustical path will be discussed 
separately. For each path we may wish to study modal 
density, damping, coupling, loss factors, noise and vibra- 
tion ratios, etc. The energy transmission will be studied 
both for segments of the structures and for the major 
assembled sections of the model. This will be done both 
with and without simultaneous effects of acoustic and 
vibration transmission. Let us begin our discussion by 

t b ? t  are ame?.,able tc? experimental inves t iga t ion  and axe 
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enumerating some of the experimental studies on the 
acoustical transmission path. 

6,2 Experimental studies of the acollstfcal path 

Item No. 1 in the acoustic transmission path is the 
exterior acoustic space and the sound field within it that. 
excites +l-.n "~+..-r.,.-.occ -L...-..A 

exterior sound field will be investigated. 
to generate experimentally and to correlate with analysis 
is the diffuse reverberant field. 
can be generated by exciting a large, reasonably "hard" 
acoustic space with a band of noise. 
room is suitable for this purpose, provided that unusually 
large acoustlc absorption (absorption coefficients greater 
than 30% say over major parts of the wall area) is not 
present. A non-diffuse directive sound field may also 
exlst on the vehicle. 
to the vehicle surface by increasing the absorption in 
the room so that the "direct field" of the sound source 
extends out perhaps a distance of 10 - 15 ft. from the 
sound projector. If the shroud is placed in this field 
it will experience relatively more acoustic energy 
incident from some angles than from others. 
cases when this type of excitation may be more representative 
of the service environment of the vehicle than a purely 
diffuse sound field. A goal of our studies would be to 
test possible differences in the shroud mechanical response 
and in its sound transmission under these two types of 
incident sound fields. 

t , A A G  u p a L G b A a A  u f i A A A  w u u .  ' E i G  iiiaj'or ~OI'ITIB of the 
The simplest 

A diffuse sound field 

Almost any large 

This type of field can be applied 

There are 

It will be clear from the discussion in chapter 5 that it 
is fairly important to determine the relative amount of 
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sound t r ansmi t t ed  through the shroud due t o  i t s  forced  
wave (nonresonant) and resonant response. Since forced  
wave t ransmiss ion  is  independent of s t r u c t u r a l  damping, a 
m y  t o  find the r e l a t i v e  ixpor tance  of the two is  t o  
i n c r e a s e  the shroud damping appreciably. Any i n c r e a s e  i n  
n o i s e  r educ t ion  m u s t  be due t o  the decrease  i n  resonant  
transnission (exce,-t for the effects of added mass i n  
The aaxqing t r e a h e n i ; ,  w n i c n  should be inciucieci i n  t he  

a n a i y s i s  of the r e s u l t s ) .  

Tneore t i ca l  eva lua t ion  of the  resonant  t ransmiss ion  
involves  the damping, nodal dens i ty ,  and the r a d i a t i o n  
e f f i c i e n c y  of the shroud. These parameters can be 
eva lua ted  by izechanical and a c o u s t i c  tests on the shroud 
s t r u c t u r e .  Damping nay b e  measured by s t u d i e s  of  decay 
rate i n  frequency bands. I h d a l  d e n s i t y  can be found at 

response a s  the e x i s t i n g  frequency is  altered. This is 
a u s e f u l  technique u r i t i l  the bandwidth of i n d i v i d u a l  
resonant  modes becomes comparable t o  the average frequency 
spacing between xodes. 

 lo^: f requencies  by 11 counting peaks" of the resonant  

The r a d i a t i o n  e f f i c i e n c y  of the shroud can be found i n  
s e v e r a l  wazs. Perhaps the most d i r e c t  is t o  e x c i t e  the 
shroud i n  frequency bands with a mechanical shaker. The 
radiated sound power can be computed from the sound l e v e l  
r e s u l t i n g  i n  the surrounding room and from the a c o u s t i c  
abso rp t ion  of the room. 
square v e l o c i t y  over  the s u r f a c e  of the shroud a l lows  one 
t o  estimate i t s  energy. 
f i e l d  coupl ing l o s s  factor qZl i s  determined from Eq. (4,2.1). 
This coupl ing loss f a c t o r  a lso determines the ra te  a t  which 
power will e n t e r  the shroud from a r eve rbe ran t  sound f i e l d  

Random sampling of t h e  mean 

The shroud t o  surrounding sound 
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and the ra te  a t  which energy is r a d i a t e d  t o  the i n t e r n a l  
volume ( i tem 3) by the resonant  v i b r a t i o n  of the shroud. 

The resonant  v i b r a t i o n  of the shroud w i l l  probably exceed 
i t s  forced wave response.  As we have noted i n  chapter 5 
and have implied i n  the d iscuss ion  i n  the previous 
paragraph, i t  nay o r  may not  c o n t r o l  the sound t ransmission.  
There i s  no ques t ion  however tha t  resonant  motion w i l l  
ccntrcl t he  v lbrat ler !  lesrels of t h e  r i n v  d A - 0  frame. I n  cases 

where the possible  f a i l u r e  of the shroud s t r u c t u r e  is of 
concern, the shroud a c c e l e r a t i o n  l e v e l s  and the a s soc ia t ed  
s t r a i n  l e v e l s  a t  concent ra t ion  p o i n t s  are a l s o  of i n t e r e s t .  
Shroud v i b r a t i o n  l e v e l s  a s  well as sound t ransmiss ion  
measurements should be made with d i f f u s e  and d i r e c t i v e  
sound f i e l d s  i n c l d e n t  on the shroud. 

me important  propert ies  of the i n t e r i o r  volume ( i tem 3) 
f o r  ou r  s tudy  are i t s  a c o u s t i c a l  abso rp t ion  and i t s  
geometry. The absorp t ion  of i n t e r i o r  volume c o n t r o l s  the 
sound p res su re  l e v e l  when a fixed a c o u s t i c a l  power i s  fed 
into t h i s  space. It is measured by making decay r a t e  
measurements of sound pressure  i n  frequency bands, making 
allowance i n  the l o s s  c a l c u l a t i o n s  f o r  the sound that  is  
transpitted nutward through the shroud i n t o  the surrounding 
space. 

The geometry w i l l  con t ro l  t h e  frequency l o c a t i o n  of the 
first few nodes of the volume, and these may occur  wi th in  
the frequency range of in te res t .  Geometry w i l l  a l s o  
determine the "d i f fus ion"  of the sound f i e l d  within.  
Diffusion can be measured by making microphone scans  through 
the volume to see whether the sound p res su re  l e v e l s  remain 
uniform on the average as one moves about the space. Strong 
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nonuniformit2es could r e s u l t  from excess ive  a c o u s t i c  
abso rp t ion  i n  one pa r t  of the contained volur~ie o r  perhaps 
a p e c u l i a r  modal d i s t r i b u t i o n .  
e f f e c t s  are inportant i n  desc r ib ing  the a c o u s t i c  environ- 
ment of the s p a c e c r a f t .  

The e x i s t e n c e  of such 

F ina l ly ,  Lhe acoiistrc and s t r i r z t u r a l  character is t ics  of 
the s p a c e c r a f t  box must be determined. 
i nc lude  the c o u p l i ~ g  l o s s  f a c t o r  between the s p a c e c r a f t  and 
the i n t e r i o r  volume q43, the s t r u c t u r a l  damping, and the 
modal dens i ty .  All these parameters can be measured i n  a 
manner siIxjlilar t o  that  descr ibed f o r  the shroud. The 
coupl ing l o s s  f a c t c r  q4 
l a t i o n s ,  and the s t r u c t u r a l  da r~p ing  and modal d e n s i t y  are  
parameters that apply  equal ly  'tvell t o  the analysis of both 
a c o u s t i c a l  and the v i b r a t i o n a l  paths.  

'ihese Characteristics 

i s  in;portant f o r  a c o u s t i c a l  calcu- 3 

MeaxreKert of the spacecraf t  shroud PJR i s  a s tudy  of the 
r e l a t i v e  m d a l  e r e r c j  between the contained volume of the 
s h o u d  and the ex ter ior  space.  Fu r the r  experlriient G n  

the a c o u s t i c a l  p a t h  inc lude  placement of the s p a c e c r a f t  
wi th in  the shroud u s i n g  mechanical suspension tha t  is  
extremely s o f t .  I n  t h i s  way the coniplete a c o u s t i c a l  cha in  
from the e x t e r i o r  space t o  the s p a c e c r a f t  i s  r ep resen ted  
ar!d the r e s u i t i n g  v i b r a t i o n  levels on the s p a c e c r a f t  can 
be s t u d i e d  for comparison with the c a l c u l a t i o n s .  One utay 
wish t o  alter various par t s  of the path by changing 
shroud darnping o r  r a d i a t i o n  e f f i c i e n c y  (by removal of the 
r i n g  frames) o r  by changing the d i r e c t i v i t y  of the e x t e r i o r  
sound field or  by altering the a c o u s t i c a l  abso rp t ion  w i t h i n  
the i n t e r i o r  vo lu ie .  I n  such a manner one could b u i l d  up 
a f a i r l y  complete p i c t u r e  of the processes c o n t r o l l i n g  the  
sound transriAssion path. 

- 35 -. 
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6,3 Experimental study of the mechanical path 

The spacecraft shroud resonant vibration forms the random 
environment of the r L r g  frame, item 5. In chapter 4 we 
assume that the coupling l o s s  factor from the ring frame 
to the shroud would be much larger than the ring frame 
loss  factor or its coupling loss factor to the mounting 
+--.”” e& UUU. 

mentally. This can be done by exciting the ring frame with 
bands of noise and observing its decay rate with the shroud 
heavily damped. The modal density f o r  both torsional and 
flexural modes for the ring frame should also be measured 
both before and after it is attached to the shroud. With 
the shroud randomly excited, the flexural and torsional 
vibrational levels of the ring frame should be measured. 
The results of this experiment can then be correlated with 
the equal nodal energy hypothesis made in chapter 4. 
moment impedance of the ring frame, Z describes the 
internal iinpedance of the ring frame as a source of energy 
for the mounting truss. This impedance should also be 
measured. Special impedance equipment would have to be 
obtained and/or developed for such measurements. 

It wzuld 5e %.ice tc test th2.C ky;cthecic experi-- 

The 

5 

‘ f ie important energy storage parameters of the mounting 
truss are the modal densities for torsional and flexural 
vibrations and the structural damping. It is also important 
t o  find the resonant frequencies of the first modes of 
vibration of the mounting truss, since only above this 
frequency w i l l  the truss act as a wave bearing system. 
torsional and flexural wave impedances of the mounting truss 
channel beam should also be studied. 
factor to the r i n g  frame may be measurable by decay rate 
techniques. This could be a difficult measurement. With 

The 

The coupling l o s s  
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the mounting truss i n  place and t n e  shroud exc i ted ,  the 
r a t i o  of mounting t r u s s  t o  r i n g  frame and shroud response 
amplitudes should be monitored as a tes t  of the calcu- 
l a t i o n s .  

F i n a l l y  the spacec ra f t  should be s tud ied  as a r e c i p i e n t  
of vibrational enei'gy from the nountirig truss. 
d e n s i t y  and damping w i l l  have been s t u d i e d  for the 
a c o u s t i c  path. 
of the spacec ra f t  box s h o u l d  be measured so  that  a 
comparison with E i c h l e r ' s  c a l c u l a t i o n  can be made. 
r a t i o  of v i b r a t i o n  l e v e l s  of the spacec ra f t  t o  the o the r  
nechanical  elements i n  the  v i b r a t i o n  path can a l s o  be 
monitored and compared with theory.  Spec ia l  v ibra t io l l  
con t ro l  techniques may a l s o  be inves t iga t ed .  I n  o rde r  
for  the a c o u s t i c  path not t o  i n t e r f e r e  with mechanical 
measurements it may be necessary t o  take s p e c i a l  
p recaut ions  t o  reduce the  acoustic trensmlsslon cociponent 
to a very small value.  
the space with a gas of v e r y  low c h a r a c t e r i s t i c  impedance, 
such a s  h e l i u m .  Another p o s s i b i l i t y  i s  t o  reduce the 
i n t e r i o r  volume reverberant  sound l e v e l s  by the a d d i t i o n  
of heavy a c o u s t i c  absorption. 

Its modal 

The moment impedance a t  the a x i a l  edges 

?"ne 

One p o s s i b i l i t y  would be t o  f i l l  

These brief d i scuss ions  i n d i c a t e  the number and type of 
experiments that  can be undertaken on the OGO model. 
take fill advantage of its f l e x i b i l i t y  and on the usefu l -  
nes s  of being able t o  do f a i r l y  complete c a l c u l a t i o n s  on 
t h i s  system. We would s t rongly  recormnend tha t  as many of 
these measurements as poss ib l e  be c a r r i e d  ou t  so that  the 

They 

most complete p i c t u r e  can be developed for the 
This i s  desirable because many of the concepts 

system. 
i n  p red ic t ing  
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the sound 2nd vibration transmission in the OGO model are 
in their early stages of development. We feel that they 
give a good picture of the transmission processes in 
general, but there always w i l l  remain points that are 
d i f f i c u l t  to resolve by theoretical analysis alone. The 
experience and techniques that would be developed by a set 
of expcrinents like thnse described here would be inva luable  

to the transmission of random loads In spacecraft. 

fox. r-ui%j-]iei> apg~~cat ions  Gr statistica-j- eiiei.gy jr&iiU6 
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